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2 
Abstract 
 
 Metasurfaces have shown new possibilities to develop various applications, such as nonlinear 
holography, nonlinear wave mixing, and novel nonlinear light sources. In nonlinear optics, nonlinear 
harmonic generation from nonlinear metasurface provide a new degree-of-freedom. Nonlinear 
metasurfaces have various interesting properties, such as the relaxed phase matching constraints, 
efficient frequency mixing, and nonlinear local phase control. There are many studies on the nonlinear 
metasurfaces, but the development of a single nonlinear metasurface platform having giant nonlinear 
responses and single nonlinear beam generation is still needed to develop for practical applications. In 
this thesis, I design, simulate, and experimentally demonstrate a novel class of a nonlinear polaritonic 
metasurface platform using nanoantenna structures with three- or four-fold rotational symmetry and 
multiple quantum well structures with giant 2nd and 3rd order nonlinear responses. Using the metasurface, 
spin-controlled giant 2nd and 3rd order nonlinear responses can be generated simultaneously or 
selectively on the same chip. Furthermore, under a circular polarized beam condition, nonlinear local 
phases can be simply tuned continuously by changing the rotation angle of the meta-atom based on the 
Pancharatnam-Berry phase. Based on continuous local nonlinear phase control, nonlinear beam-
steering that maintain spin-controlled giant nonlinear response for the second- and third-harmonic 
generations, was experimentally demonstrated via gradient nonlinear polaritonic metasurfaces. The 
nonlinear metasurface platform that proposed in this study can be used to develop future practical 
applications such as nonlinear light source, nonlinear holography, and nonlinear multiplexing-based 
communications. 
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I. Introduction 
 
1.1 Surface Plasmon Polaritons 
 
 Surface Plasmon Polaritons (SPPs) are electromagnetic surface wave that travel along the metal-
dielectric interface as shown in Figure 1.1.1 (a). They are a type of evanescently confined surface wave 
that is guided along the interface and only exist with Transverse Magnetic (TM) polarization.     
 
 
Figure 1.1.1. Schematic of (a) process of surface plasmonic polaritons (SPP) and (b) dispersion relation 
of SPP. [1] 
 
 
 Due to the TM field components are continuous across the metal-dielectric interface, the SPP 
magnetic field and magnetic electric field can be written as follows1 
𝐻𝑑⃗⃗⃗⃗  ⃗(𝑧 > 0) = (0,𝐻𝑦𝑑 , 0)𝑒
𝑖(𝑘𝑆𝑃𝑃𝑥−𝑤𝑡) exp (−𝑧√ 𝑘𝑆𝑃𝑃
2 − 𝜀𝑑𝑘0
2) 
𝐸𝑑⃗⃗ ⃗⃗ (𝑧 > 0) = (𝐸𝑥𝑑 , 0, 𝐸𝑧𝑑)𝑒
𝑖(𝑘𝑆𝑃𝑃𝑥−𝑤𝑡)exp (−𝑧√ 𝑘𝑆𝑃𝑃
2 − 𝜀𝑑𝑘0
2) 
                                                     (1.1.1) 
𝐻𝑚⃗⃗ ⃗⃗ ⃗⃗ (𝑧 < 0) = (0,𝐻𝑦𝑚, 0)𝑒
𝑖(𝑘𝑆𝑃𝑃𝑥−𝑤𝑡)exp (−𝑧√ 𝑘𝑆𝑃𝑃
2 − 𝜀𝑑𝑘0
2) 
𝐸𝑚⃗⃗ ⃗⃗  ⃗(𝑧 < 0) = (𝐸𝑥𝑚, 0, 𝐸𝑧𝑚)𝑒
𝑖(𝑘𝑆𝑃𝑃𝑥−𝑤𝑡)exp (−𝑧√ 𝑘𝑆𝑃𝑃
2 − 𝜀𝑑𝑘0
2) 
(1.1.2) 
 
where Hyd and Hyd(m) are the amplitude of the magnetic field components in the dielectric and metal 
medium Exd and Ezd are the amplitude of the electric field components in the dielectric and metal 
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medium, ε𝑚 and ε𝑑 are permittivities of dielectric and metal, k0 is the light wavenumber and kSPP = 
kx. 
 Applying the boundary condition for normal electric and magnetic-field components, 𝜀𝑚𝐸𝑧𝑚 =
 𝜀𝑑𝐸𝑧𝑑𝐸𝑥𝑚 = 𝐸𝑥𝑑𝐻𝑦𝑚 = 𝐻𝑦𝑑, the SPP dispersion relation can be written as 
  
𝑘𝑠𝑝𝑝 = 
𝜔
𝑐
√
𝜀𝑚𝜀𝑑
𝜀𝑚 + 𝜀𝑑
 
(1.1.3) 
where c indicates the speed of light,  indicates angular frequency. The required condition for the 
existence of SPP can be determined from the square root expressions of Eq. (1.1.3) and to have a positive 
real part, as follow 𝑅𝑒{𝜀𝑚(𝜔)} < −𝜀𝑑  equation is needed. This requirement is met in the long-
wavelength part of the infrared and visible for most metals and dielectrics. The SPP wavelength is 
determined by real part of the propagation constant (𝜆𝑠𝑝𝑝 = 2𝜋/𝑅𝑒(𝑘𝑆𝑃𝑃)) ,which is determined by 
the real part of the propagation constant. 𝜆𝑠𝑝𝑝 is always much shorter than the light wavelength in the 
dielectric (λ = 𝜆0/√𝜀𝑑) and the SPP propagation length (𝐿𝑆𝑃𝑃 = 1/𝐼𝑚(2𝑘𝑆𝑃𝑃)).
2-3 Figure 1.1.1 (b) 
shows light and SPP dispersion plots at interface on a metal using the loss-less Drude model. The SPP 
wavelength reaches to nearly zero at the short wavelength limit of the SPP dispersion when ω →
𝜔𝑝/√1 + 𝜀𝑑 . When 𝜀𝑚(𝜔) + 𝜀𝑑 = 0 is satisfied, the corresponding limiting frequency of SPPs is 
called surface plasmons (SPs).     
 
 
1.2 Intersubband Transitions from Quantized Energy Band in MQW  
 
Intersubband transition (IST) from multi-quantum-well structures are electron transitions between 
quantized energy bands in the conduction band states that generated by quantum confinement in nano-
thickness of semiconductor layers.4 Electrons can be confined in one-direction in the conduction band 
and the allowed energy levels that are determined by the relative band offsets of the two or three 
semiconductor materials, are quantized along the growth direction. The transition energy can be 
adjusted by changing the doping level, width and depth of the quantum well. An intersubband transition 
can be generated only when the multi quantum well (MQW) is doped so that charge carriers of a single 
type are existed (electrons in n-doped case). Figure 1.2.1 (a) shows intersubband and interband 
transition in a n-doped quantum well. Figure 1.2.1 (b) shows the joint density of states (JDOS) of 
intersubband and interband transition in a MQW. In case of intersubband transition, JDOS has a narrow 
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single peak which leads to strong resonant absorption when the incident photon is polarized in the 
growth (z) direction.5 
 
 
 
Figure 1.2.1. (a) Intersubband (E12) and interband (E11 and E22) transition in a n-doped quantum well. 
(b) Joint density of states (JDOS) for intersubband and interband transition in a n-doped quantum well. 
[5]    
 
 
It is known since the late 1980s, researchers studied and demonstrated the n-doped coupled MQWs 
to obtain giant both second order nonlinear susceptibilities and third order nonlinear susceptibilities 
(𝜒(2), 𝜒(3), respectively) The magnitude of nonlinear susceptibilities up to 104 to 105 times greater than 
traditional bulk nonlinear materials such as silicon.6 Using these giant nonlinear susceptibilities, various 
nonlinear optical processes such as second harmonic generation (SHG)7-9, third harmonic generation 
(THG)10, optical rectification, optical phase conjugation and other four-wave mixing process are 
studied.11-13 The basic design approach to engineering electron subband, is based on tailoring the 
composition and widths of wells and barrier in MQW structure. Using this approach, the quantum 
mechanical expression for 𝜒(2) or 𝜒(3) for nonlinear process by adjusting dipole moments and energy 
level positions.   
In a resonant four-level system, the quantum mechanical expression for the second- and third-order 
nonlinear susceptibility terms are simply expressed when the pump frequencies are close to 
intersubband resonances and the resonant term is dominant. For SHG, 2nd nonlinear susceptibility can 
be written as14  
𝜒𝑧𝑧𝑧
(2)
(𝜔 → 2𝜔) = 𝑁𝑒
𝑒3
𝜀0ℏ
2
𝑧12𝑧23𝑧31
(𝜔−𝜔12−𝑖𝛾12)(2𝜔−𝜔13−𝑖𝛾13)
  
(1.2.1) 
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and for THG, 3rd nonlinear susceptibility can be written as10 
𝜒𝑧𝑧𝑧𝑧
(3)
(𝜔 → 3𝜔) = 𝑁𝑒
𝑒4
𝜀0ℏ
3
𝑧12𝑧23𝑧34𝑧41
(𝜔−𝜔12−𝑖𝛾12)(2𝜔−𝜔13−𝑖𝛾13)(3𝜔−𝜔14−𝑖𝛾14)
  
(1.2.2) 
where ω indicates the input frequency, 𝑁𝑒 indicates the average bulk doping density, e indicates the 
electron charge, ℏ𝜔𝑖𝑗 is transition energy, ℏΥ𝑖𝑗 is transition linewidth and 𝑧𝑖𝑗 is dipole moment 
between energy states i and j.  
 
 
1.3 Nonlinear Photonic metasurface 
 
In nonlinear optics, the nonlinear optical response of a nonlinear material can be expressed by a 
power series expansion of nonlinear material polarization as follow 
𝑃𝑁𝐿 = 𝜀0(χ
(2)𝐸2 + χ(3)𝐸3+⋯χ
(𝑛)𝐸𝑛) 
(1.3.1) 
where respectively, χ(2) and χ(3) indicate the second-order and third-order nonlinear susceptibilities, 
respectively, E indecates the electric field and 𝜀0 is permittivity of vacuum.
15 In nonlinear photonics, 
duo to the mixing of the pumping wave, the nonlinear material polarization acts as a source for new 
frequency. Figure 1.3.1 shows general nonlinear optical mechanisms. 2nd harmonic generation and 3rd 
harmonic generation are nonlinear optical processes that two or three photons with the same angular 
frequency  interact with a nonlinear material, are combined to create a single photon with angular 
frequency 2  and 3  respectively. FWM is a third order nonlinear optical process in which three 
fundamental photons interact with a nonlinear material and then new frequency of light is generated.   
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Figure 1.3.1. Schematic of nonlinear optical processes. The solid and dashed line mean electronic 
energy level and the arrow line represent energy transition. (a) energy diagrams of Second harmonic 
generation (SHG), (b) Third harmonic generation (THG) and (c) nondegenerate four-wave-mixing 
(FWM). [15]    
 
 
In nonlinear optical process, usually, phase matching conditions are crucial for harmonic generations 
and FWM16-20. Recently, metasurfaces which have thicknesses of the order of subwavelengths, have 
greatly interested owing to their ability for greatly relaxing phase-matching constraints.21-22 In linear 
optics, at circularly polarized incident wave condition, the meta-atoms that based on the Pancharatnam-
Berry (PB) phase are capable of continuous 2π phase simply tuning by changing the rotation angle of 
meta-atom.23-27 Moreover, in nonlinear optics, a new design method has been studied to continuously 
control the phase of harmonic generation by applying the PB phase elements. Nonlinear photonic 
metasurfaces have greatly attracted owing to their ability to control the local amplitude, phase of the 
nonlinear response using PB phase at subwavelength scale.28-33 As shown in Figure 1.3.2, by employing 
the PB phase approach, various nonlinear applications, such as nonlinear diffraction, nonlinear OAM 
generation, and nonlinear holography and imaging have been demonstrated.1, 34-35 
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Figure 1.3.2. Applications of nonlinear photonic metasurfaces. (a) Diffraction of nonlinear harmonic 
generated signal from metasurface. (b) Nonlinear harmonic generation hologram using metasurface. (c) 
Nonlinear hologram for circularly polarized incident beam with nonlinear metasurface. [15] 
 
 
1.4 Spin Angular Momentum Control 
 
In linear optical PB phase, the phase factor at circular polarized incident beam, express as 𝑒𝑖2𝜙𝜎 
where 𝜙 is rotation angle of meta-atom and 𝜎 is ‘+’ or ‘-’ sign that indicate to spin-state of the light 
(Right circular polarization (RCP) and left circular polarization (LCP), respectively).27, 36 Such a PB 
phase in the nonlinear material polarization can be understood in a coordinate transformation process. 
After transforming, the expression of the nonlinear dipole moment is 
Ρ𝜃,𝜎
𝑛𝜔 = Ρ𝜃,𝐿,𝜎
𝑛𝜔 𝑒−𝑖𝜎𝜃 ∝ 𝑒(𝑛−1)𝑖𝜎𝜃 
(1.4.1) 
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Ρ𝜃,−𝜎
𝑛𝜔 = Ρ𝜃,𝐿,−𝜎
𝑛𝜔 𝑒𝑖𝜎𝜃 ∝ 𝑒(𝑛+1)𝑖𝜎𝜃 
(1.4.2) 
The nonlinear polarizabilities of the plasmonic antenna can be written as 
𝛼𝜃,𝜎,𝜎
𝑛𝜔 ∝ 𝑒(𝑛−1)𝑖𝜎𝜃 
(1.4.3) 
𝛼𝜃,−𝜎,𝜎
𝑛𝜔 ∝ 𝑒(𝑛+1)𝑖𝜎𝜃 
(1.4.4) 
where  indicates the angular frequency of input pump beam, n present nth harmonic generation, 𝜙 is 
rotation angle of plasmonic antenna, 𝜎  and -  𝜎  are the circular polarization states and L is the 
plasmonic antenna’s local coordinate frame.37 Therefore, the geometry phase of the nth harmonic 
generation is expressed as (𝑛 − 1)𝜎𝜃 or (𝑛 + 1)𝜎𝜃 with the equal or opposite circular polarization 
regarding to the input pump, respectively. As shown in Figure 1.4.1, according to the selection rules at 
circular polarized input pump beam, only harmonic orders of n = lm±1 are allowed with a single meta-
atom structure with m-fold rotational symmetry, where l is an integer and the + sign or – sign indicate 
to spin-state of the nonlinear signal. The + sign is the same as the circular polarization of the input pump 
and – sign is the opposite of circular polarization of input pump.38-41  
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Figure 1.4.1. Nonlinear PB phase elements with CP pump. (a) Phases of the nonlinear harmonic waves 
that generated from a C1 (1-fold symmetry) plasmonic antenna. (b) Phases of the nonlinear harmonic 
waves that generated from a C2 (2-fold symmetry) plasmonic antenna. (c) Phases of the nonlinear 
harmonic waves that generated from a C3 (3-fold symmetry) plasmonic antenna. (d) Phases of the 
nonlinear harmonic waves that generated from a C4 (4-fold symmetry) plasmonic antenna. [15] 
 
 
Therefore, by choosing a meta-atom with m-fold (𝑚 ≥ 3) rotational symmetry, we can control the 
spin-state of the nonlinear signal (Figure 1.4.2).  
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Figure 1.4.2. The order of the nonlinear process and the rotational symmetry meta-atoms (C1 to C4) 
determine the phase of the nonlinear wave during the harmonic generation processes. n represent a 
harmonic order, θ is rotation angle of meta-atom and σ is spin-state (circular polarization) of the light. 
[15] 
 
 
1.5 Overview of the Thesis 
 
In this thesis, I experimentally demonstrate a nonlinear polaritonic metasurface that obtains spin 
controlled SHG and THG on one-chip system based on combining a MQW layer using a coupled three 
quantum well system with plasmonic nanostructure. 
In Chapter 2, I designed three- and four-fold (C3 and C4) rotational symmetry meta-atom to control 
the spin-state of the nonlinear signal from harmonic generation and to achieve a giant nonlinear response 
both SHG and THG, respectively. By using geometric phase, the metasurface that can continuous local 
phase control of the SHG and THG nonlinear beam was demonstrated.  
In Chapter 3, I designed to nonlinear chiral meta atom with C3 and C4 structure for circular dichroism 
in nonlinear signal (SHG and THG, respectively). 
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II. Spin-controlled Nonlinear Harmonic Generations 
 
2.1 Introduction  
 
In linear optics, a metasurface that is based on the arrangement of meta-atoms with subwavelength 
scale, owing to its ability to control the local phase and amplitude, has opened opportunities for new 
types of flat optics that can replace conventional, bulky optical components.42-43 In nonlinear optics, a 
metasurface also have greatly attracted due to their capacity to achieve various frequency conversion 
or mixing effects with greatly relaxed phase-matching constraints and ability to control the local phase, 
amplitude, and polarization of the nonlinear response. Recently, to continuously control the local phase 
and amplitude of nonlinear response, a new design method that applying the PB phase elements, has 
been studied. Various nonlinear applications, like nonlinear OAM generation, nonlinear beam-steering, 
and nonlinear holography and imaging have been demonstrated by employing the PB phase approach.15, 
28-29, 31-32 However, as I mentioned in introduction part(1.2, 1.3, 1.4), there have still issues and 
challenges about the nonlinear metasurface.   
In this chapter, I experimentally demonstrate a nonlinear polaritonic metasurface to produce spin 
controlled SHG and THG simultaneously or selectively, on one-chip system by combining the MQW 
layer using a coupled three quantum well and plasmonic nano-cavity structure. The meta atoms that 
occur plasmonic nano-cavity, are designed to have three- and four-fold (C3 and C4) rotational symmetry 
for SHG and THG, respectively. In this case, three important characteristics can be achieved 
simultaneously: (i) giant nonlinear responses, (ii) precise spin-state control of the nonlinear beam, and 
(iii) continuous local phase control of the SHG and THG nonlinear beam.  
 
 
2.2 Design of Nonlinear Metasurface 
 
2.2.1 Design of MQW and Metasurface 
 
The 400 nm-thick MQW layer which was designed to have giant 2nd and 3rd order nonlinear 
susceptibilities, was used as a nonlinear medium. As shown in Figure 2.2.1. the MQW was constructed 
by repeating the single period of an In0.53Ga0.47As/Al0.48In0.52As coupled three quantum well structure. 
The layer sequence of the quantum well was 4/4.6/1.2/2/1.2/1.8/4 (in nanometers), where the boldface 
listings represent the In0.53Ga0.47As well layer. I doped to 4×1018 cm-3 at the first well (4.6 nm). The 
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widths of the quantum wells are designed to induce four electron subbands in the coupled three quantum 
wells that can generate the giant 2nd and 3rd order nonlinear susceptibilities. 𝜒𝑧𝑧𝑧
(2)
 and 𝜒𝑧𝑧𝑧𝑧
(3)
 were 
occurred by the electron transitions that were polarized in the direction perpendicular to the surface (z-
direction) among the 1st, 2nd, 3rd levels, or among the 1st, 2nd, 3rd, and 4th levels, respectively. 
 
 
Figure 2.2.1. One period of conduction band diagram of the MQW with In0.53Ga0.47As/Al0.48In0.52As 
coupled three-quantum-well structure designed for giant 2nd and 3rd order nonlinear responses. Zij and 
Eij Zij are the dipole moment element and transition energy of the intersubband transitions between 
electron subbands i and j, respectively. 
 
 
By using the MQW structure that is coupled with plasmonic nanoantenna, it can simultaneously use 
the giant 2nd and 3rd order nonlinear responses and can selectively or simultaneously generate coherent 
SHG or THG in the far-field. Figure 2.2.2 a and b show the 𝜒𝑧𝑧𝑧
(2)
 and 𝜒𝑧𝑧𝑧𝑧
(3)
 values that were calculated 
by numerical calculation using the physical parameters extracted from the intersubband absorption 
measurement. 𝜒𝑧𝑧𝑧
(2)
 and 𝜒𝑧𝑧𝑧𝑧
(3)
 have maximum values of 171 nm V-1 and 2.27×10-14 m2 V-2 near the 
10.5 μm wavelength. The SH and TH peak intensity 𝐼2𝑤 and 𝐼3𝑤, respectively can be expressed as
10, 
44 
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(2.1.1) 
 
(2.1.2) 
where ω indicates the input frequency, 𝜂0 is 1/𝜀0𝑐, 𝜀0 is the permittivity in a vacuum, 𝑐 indicates 
the speed of light in a vacuum, 𝐼𝜔  indicates intensity of the input beam, L indicates the MQW layer 
thickness and 𝜒𝑒𝑓𝑓 is effective nonlinear susceptibility expressed as10, 44 
 
𝜒𝑅𝑅𝑅(𝐿𝐿𝐿)
(2)𝑒𝑓𝑓
= 𝜒𝑧𝑧𝑧
(2)
[∫ 𝜉𝑅(𝐿)
2𝜔 (𝑥, 𝑦, 𝑧)𝜉𝑅(𝐿)
𝜔 (𝑥, 𝑦, 𝑧)𝜉𝑅(𝐿)
𝜔 (𝑥, 𝑦, 𝑧)𝑑𝑉
𝑉𝑀𝑄𝑊
] /𝑉𝑢𝑛𝑖𝑡  
 (2.1.3) 
𝜒𝑅𝑅𝑅𝑅(𝐿𝐿𝐿𝐿)
(3)𝑒𝑓𝑓
= 𝜒𝑧𝑧𝑧𝑧
(3)
[∫ 𝜉𝑅(𝐿)
3𝜔 (𝑥, 𝑦, 𝑧)𝜉𝑅(𝐿)
𝜔 (𝑥, 𝑦, 𝑧)𝜉𝑅(𝐿)
𝜔 (𝑥, 𝑦, 𝑧)𝜉𝑅(𝐿)
𝜔 (𝑥, 𝑦, 𝑧)𝑑𝑉
𝑉𝑀𝑄𝑊
] /𝑉𝑢𝑛𝑖𝑡  
(2.1.4) 
where 𝜉𝑅(𝐿)
𝜔 , 𝜉𝑅(𝐿)
2𝜔 , 𝜉𝑅(𝐿)
3𝜔  are the respective local Ez-field enhancements in the MQW normalized to the 
incident E-field with the RCP (LCP) spin state at the frequencies of 𝜔, 2𝜔, 3𝜔. Vunit and VMQW are the 
volumes of the MQW region of the meta-atom before and after etching, respectively. And overlap factor 
is expressed as 𝜒𝑅𝑅𝑅(𝐿𝐿𝐿)
(2)𝑒𝑓𝑓
/𝜒𝑧𝑧𝑧
(2)
 and 𝜒𝑅𝑅𝑅𝑅(𝐿𝐿𝐿𝐿)
(3)𝑒𝑓𝑓
/𝜒𝑧𝑧𝑧𝑧
(3)
 for SHG and THG, respectively. Therefore, if 
higher overlap factor is achieved, the effective 2nd and 3rd order nonlinear susceptibility can be increased 
and also increased the SH and TH peak intensity. 
 
 
 
 
𝐼2𝑤 =
4
8
𝜔2𝜂0
3 (𝜀0𝜒𝑖𝑗𝑘
(2)𝑒𝑓𝑓)
2
𝐼𝜔
2𝐿2 
𝐼3𝑤 =
9
16
𝜔2𝜂0
4 (𝜀0𝜒𝑖𝑗𝑘𝑙
(3)𝑒𝑓𝑓)
2
𝐼𝜔
3𝐿2 
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Figure 2.2.2. Nonlinear susceptibilities of the MQW structure as a function of the input pump 
wavelength (a) second order nonlinear susceptibility for SHG. (b) third order nonlinear susceptibility 
for THG 
 
 
As I mentioned in introduction part, under the circular polarization (CP) input pump, the spin state 
of nonlinear signal generated from the metasurface with certain rotational symmetry is limited by the 
selection rule. Therefore, to realize the spin-controlled nonlinear harmonic generations, I designed C3 
and C4 meta-atom structures which is combined with a MQW layer which was sandwiched between a 
bottom metallic backplane and the top Au nanoantenna, for SHG and THG, respectively. Figure 2.2.3 a 
and 1b show unit cell schematics of the C3 and C4 meta-atom for SHG and THG, respectively.  
 
 
Figure 2.2.3. Schematics of meta-atom designs. (a) Unit cell structure of the plasmonic antenna with 
C3 rotational symmetry designed for SHG. (b) Unit cell structure of the plasmonic antenna with C4 
rotational symmetry designed for THG. 
 
 
2.2.2 Simulation and Calculation of Nonlinear Response 
 
For numerical calculations and simulations, I used numerical code and commercial Finite-Difference 
Time-Domain solver (Matlab and Lumerical FDTD Solutions (ver. 8.19), respectively). In FDTD 
simulation, periodic boundary condition in the x- and y-direction and perfectly matched layer (PML) 
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boundary condition in the z-direction were used. The gold layers that used as bottom metal and 
plasmonic nano antenna, were modeled as Drude metal with collision frequency of 𝛤 =
1.224 × 1014rad/s and plasma frequency of 𝜔𝑝 = 1.378 × 10
16rad/s𝛤 = 1.224 × 1014rad/s. For 
the MQW layer, I used the in-plane and out-of-plane dielectric constants that are calculated from the 
absorption measurement and parameter calculations. Figure 2.2.4 shows the Ez field enhancement 
distributions with normalized incident circularly polarized E-field. The Ez field enhancement 
distributions that were induced in MQW layer, were monitored at the 100 nm below the top Au 
nanoantenna. Figure 2.2.4 a and b show the normalized Ez-field enhancement distribution induced in 
the meta-atom with 3-fold rotational symmetry, at fundamental frequency (FF, λFF ~10.5 μm) and second 
harmonic (SH, λSH ~5.2 μm) frequency, respectively. And Figure S2 c and d show the normalized Ez-
field enhancement distribution induced in the meta-atom with 4-fold rotational symmetry, at FF and 
third harmonic (TH, λTH ~3.5 μm) frequency, respectively. The Ez-field enhancement was confirmed 
that more than 3 times at FF, SH, and TH frequency in the MQW layer. 
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Figure 2.2.4. The normalized Ez field distribution on the plasmonic meta-atom. The Ez field monitor is 
in MQW layer. Top-view cross-section at the (a) FF and (b) SH frequency for the C3 meta-atom and at 
the (c) FF and (d) TH frequency for the C4 meta-atom. 
 
 
 
 
Figure 2.2.5 a and b show linear absorption characteristics of the two metasurfaces for SHG and THG, 
respectively. Linear absorption characteristics were simulated and experimentally measured using a 
Finite-Difference Time-Domain solver and a Fourier Transform Infrared (FTIR) spectrometer equipped, 
respectively. The Fourier Transform Infrared (FTIR) spectrometer consist of an IR microscope was used 
and an unpolarized broadband IR light was used as an input source. As shown in Figure 2.2.5, C3 and 
C4 structure have strong absorption peaks near the FF (λFF ~ 10.5 μm), and each harmonic frequency 
(SH frequency, λSH ~ 5.2 μm and the TH frequency, λTH ~ 3.5 μm for C3 and C4, respectively. The 
measured absorption results and simulation results were well matched. 
 
 
 
Figure 2.2.5. Simulation and experiment results of linear absorption spectra of the nonlinear 
metasurface for SHG (C3 structure) (a) and THG (C4 structure) (b).  
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2.3 Fabrication 
 
Figure 2.3.1 indicates the fabrication step of the nonlinear metasurface. The MQW layers were grown 
on the InP substrate via metal-organic chemical vapor deposition (MOCVD). The layers were grown 
on the InP substrate in the following order: first etch stop layer of In0.53Ga0.47As (300 nm thick), second 
etch stop layer of InP (100 nm thick) and the MQW layers. A 10 nm thick layer of titanium was 
evaporated on top of the MQW as an adhesion layer, a 50 nm thick layer of platinum was sequentially 
evaporated as an Au diffusion blocking layer and a 200 nm thick layer of Au was evaporated on top of 
the layer, sequentially. The MQW (InP substrate) wafer was bonded with a GaAs wafer by thermal 
bonding. The InP substrate and In0.53Ga0.47As layer were removed by selective wet etching via chemical 
solution. As shown in Figure 2.3.1 c, a 5nm thick layer of titanium as an adhesion layer, and a 50nm 
thick of Au for nano-resonator, were evaporated on the MQW layer. A 430 nm thick of silicon nitride 
(SiNx) layer was deposited by plasma-enhanced chemical vapor (PECVD) for mask layer. The e-beam 
resist was coated on the silicon nitride layer and nano-resonator arrays were patterned on the silicon 
nitride layer by electron beam lithography. After the e-beam lithography, nano-resonator arrays were 
patterned on SiN layer by inductively coupled plasma (ICP) etching. The metal layer and MQW layer 
were etched by inductively coupled plasma (ICP) etching and SiN make was removed by wet etching 
using buffered oxide etchant (BOE).  
 
 
 
Figure 2.3.1. Schematic of fabrication step of the nonlinear metasurface.  
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Epi-layer design and growth 
 The multi quantum well structure for giant nonlinear susceptibility was designed via a self-consistent 
Poisson-Schrodinger solver. In this case, I used a particular composition of two materials, In0.53Ga0.47As 
/ Al0.48In0.52As, in which the lattice constants of the layers are virtually matched well to that of InP 
substrate. The growth sheet of the MQW layers is shown in Table 2.3.1. In this case, I used Molecular-
Beam Epitaxy (MBE) for growing the MQW layers. 
 
 
 
    
Layer Material [nm] Ratio Doping (cm-3) 
1 InGaAs 300 In0.53Ga0.47As  
2 InP 100   
3 AlInAs 4 Al0.48In0.52As  
Start of 7 repeat periods 
4 AlInAs 4 Al0.48In0.52As  
5 InGaAs 4.6 In0.53Ga0.47As 4×1018 
6 AlInAs 1.2 Al0.48In0.52As  
7 InGaAs 2 In0.53Ga0.47As  
8 AlInAs 1.2 Al0.48In0.52As  
9 InGaAs 1.8 In0.53Ga0.47As  
10 AlInAs 4 Al0.48In0.52As  
End of repeat periods 
11 AlInAs 4 Al0.48In0.52As  
 
Table 2.3.1. Growth sheet for MQW epi-layer. The InP substrate was used as substrate for growing the 
MQW layer. 
 
Wafer bonding 
In our case, gold-gold thermo-compression wafer bonding was used for MQW layer transfer onto a 
metal ground plane. For improving adhesion of metal layers onto the wafer and removing oxidation 
layer, the MQW wafer was cleaned by Reactive Ion Etching (RIE) ((FAB star, O2 100sccm, 40mTorr, 
RF 100W, for 60sec) and by putting in BOE (buffered oxide etchant) for 10 seconds. The metal layers 
with 10nm of titanium, 50nm of platinum, and 150nm of gold were evaporated on the MQW layer and 
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GaAs wafer (Bare GaAs). The titanium layer is an adhesion layer and platinum layer is a metal diffusion 
blocking layer. The two wafers are placed and aligned on the bonding plate and a carbon sheet is placed 
on the parts. The bonding chamber is evacuated and pressure of the chamber is 1 kN/cm2 and heated to 
240°C. When the plates reached target temperature, 612 kgf (~6 kN) of clamping force was applied for 
15minutes. After the bonding process, the plates were cooled down with force maintained and after 
cooling, the bonded sample is checked. 
 
 
 
Substrate removal 
After the wafer bonding, the InP substrate, layer and In0.53Ga0.47As layer were removed via 
selective wet etching. For InP layer, I use a HCl : deionized (DI) water  = 3 : 1 as a wet etching solution. 
For In0.53Ga0.47As layer, I use a H3PO4 : H2O2 : DI water = 1 : 1 : 19 as a wet etching solution. Firstly, 
InP substrate was etched by mechanical polishing and for mechanical polishing, SiC gel is used. The 
initial thickness of sample is recorded and 150~200 μm-thick substrate is thin down via mechanical 
polishing. After the mechanical polishing, the remaining InP substrate was etched by HCl : DI water 
solution (InP etch rate : ~10μm/min, etch stop at In0.53Ga0.47As layer) until the etch stop layer 
(In0.53Ga0.47As layer). Secondly, In0.53Ga0.47As layer was removed by H3PO4 : H2O2 : DI water 
solution (In0.53Ga0.47As etch rate: ~2nm/sec, etch stop at InP layer) until etch stop layer (InP layer). 
And finally, InP layer was removed by HCl : DI water solution for a few seconds until surface color 
turns uniform. 
 
Electron beam lithography and ICP etching 
 After wet etching, for removing surface oxidation and improve adhesion of metal layer, the MQW 
layer was cleaned by oxygen RIE (FAB star, O2 100sccm, 40mTorr, RF 100W, for 60sec). To make a 
nano-resonator array, 5nm thick layer of titanium for adhesion layer and a 50nm thick of Au for nano-
resonator, were evaporated on the MQW layer. After the metal deposition, a 430 nm thick of silicon 
nitride (SiNx) layer was deposited by plasma-enhanced chemical vapor (PECVD, PEH-600, Heat delay: 
Temperature 350°C, N2 100sccm, for 300sec, Gas flow: SiH4 220sccm, NH3 50sccm, for 60sec Process 
step: RF 60W for 450 sec) for mask layer. For electron beam lithography, AR-P-6200.09 is spin coated 
on the sample with 3000rpm for 1min and pre-baked at 150°C for 1min and double spin coated with 
3000rpm for 1min and baked at 150°C for 2min. Designed nano-resonator arrays are patterned electron 
beam lithography machine (NB3, current 0.74Na, voltage 80keV, Dose 1.3C/m2). After e-beam 
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patterning, the sample is developed in AR600-546 for 1min and rinsed in IPA. The e-beam patterns 
were etched through the SiN make layer by inductively coupled plasma (ICP, FAB star, CF4 20sccm, 
CHF3 30sccm, 4.0mTorr, RF1 150W, RF2 1000W, for 85sec) and the remaining e-beam resist layer 
was removed via AR600-71 remover for a few seconds. For etching a metal layer and MQW layer, the 
patterned SiN layer was used as a dry etch mask. The 55nm thick metal layer and 400nm thick MQW 
layer were etched via inductively coupled plasma (ICP, FAB star, Cl2 45sccm, N2 15sccm, 4.0mTorr, 
RF1 300W, RF2 2000W, for 53sec, selectivity of MQW, metal : SiN = 2:1.) and SiN mask was removed 
by wet etching with BOE solution. Figure 2.3.2 indicates sanning electron microscope (SEM) images 
of the fabricated metasurfaces.  
 
 
Figure 2.3.2. Scanning electron microscope (SEM) images of metasurfaces. (a) The top-view of the C3 
structure for SHG and (b) C4 structure for THG. 
 
 
 
 
 
 
 
 
2.4 Experiment  
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2.4.1 Intersubband absorption measurment 
For optical characterization, spectrum of intersubband absorption from the MQW sample was 
measured via optical measurement setup in Figure 2.4.1. Figure 2.4.1 shows schematic of measurement 
setup for linear optical characterization. Unpolarized thermal light source from Fourier Transform 
Infrared Spectrometer (FTIR, Bruker Vertex 70) passes through a chopper and polarizer and converted 
to TM polarized light. In MQW case, only TM polarized light with an E-field component in the z-
direction was absorbed by the intersubband transitions due to the MQW growth direction. The TM 
polarized light source passed in MQW sample several times, is then focused onto MCT detector. 
(Infrared Associate, Inc.). For this intersubband absorption measurement, a 2.52 mm long MQW sample 
piece was used. The both side of sample were polished to 45 degrees to form a multipath.   
 
 
 
Figure 2.4.1. Measurement setup for linear optical characterization of the MQW. Thermal light source 
from the FTIR passes through a chopper, polarizer and is focused onto the MQW sample by a ZnSe 
lens. The light source passed in MQW sample several times, is then focused onto MCT detector. 
 
Figure 2.4.2 shows the measured intersubband absorption spectrum. The intersubband transition 
energies were measured to be 𝐸21 = ℏ𝜔21 ≈ 113 𝑚𝑒𝑉 , 𝐸32 = ℏ𝜔32 ≈ 135 𝑚𝑒𝑉 ,𝐸31 = ℏ𝜔31 ≈
241 𝑚𝑒𝑉,𝐸41 = ℏ𝜔41 ≈ 340 𝑚𝑒𝑉, which matched well with the calculated values shown in Figure 
2.2.1. The transition linewidths that were measured, were 2ℏ𝛾12 ≈ 20. 8 𝑚𝑒𝑉, 2ℏ𝛾23 ≈ 17. 6 𝑚𝑒𝑉, 
2ℏ𝛾13 ≈ 33. 2 𝑚𝑒𝑉 , and  2ℏ𝛾14 ≈ 43. 6 𝑚𝑒𝑉  for the 1–2, 2–3, 1–3, and 1–4 transitions, 
respectively. The intersubband absorption coefficients for each transition peak were calculated using 
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the formula provided in [Ref. 10] considering the sample geometry (length is 2.52 mm and thickness is 
0.32 mm) where the thickness of the MQW layer was 390-nm-thick and the number of passes through 
the MQW layer was 3. The calculated intersubband absorption coefficients, W were 5.73  103 cm-1, 
2.06  103 cm-1, 4.02  102 cm-1 and 2.60  102 cm-1 for the 1–2, 2–3, 1–3, and 1–4 transitions, 
respectively. The imaginary part of the out-of-plane dielectric constant of the MQW layer, ⊥  is 
directly connected to the W and it can be expressed as 
𝛼𝑊 =
4𝜋
𝜆
𝐼𝑚(√𝜀⊥)                    
(2.4.1) 
𝜀⊥(𝜔) ≈ 𝜀𝑐𝑜𝑟𝑒(𝜔) +
𝑒2𝑁𝑒
𝜀0ℏ
[
𝑧12
2
(𝜔21−𝜔)−𝑖𝛾21
+
𝑧23
2
(𝜔32−𝜔)−𝑖𝛾32
+
𝑧13
2
(𝜔31−𝜔)−𝑖𝛾31
+
𝑧14
2
(𝜔41−𝜔)−𝑖𝛾41
]  
(2.4.2) 
where   indicates the pump frequency, core  indicates the averaged dielectric constant of the un-
doped semiconductor, Ne is averaged volume doping density, e indicates the electron charge, and ℏ𝜔𝑖𝑗 
is  energy, ℏ𝛾𝑖𝑗 is linewidth and 𝑧𝑖𝑗 is dipole moment, for the electron transition between subband i 
and j. The dielectric constant of the MQW for the in-plane E-field polarization ( ) can be expressed 
by 
 
𝜀∥(𝜔) ≈ 𝜀𝑐𝑜𝑟𝑒(𝜔) + 𝑖
𝑁𝑒𝑒
2𝜏𝐷
𝜀0𝜔𝑚∗(1 − 𝑖𝜔𝜏𝐷)
 
(2.4.3) 
where 𝜏𝐷 ≈ 10
−13𝑠 is the Drude relaxation time. Using the calculated dielectric constants of the 
MQW for the out-of-plane (⊥ ) and in-plane ( ) E-field polarizations, I inserted the designed MQW 
layer in the FDTD simulation.  
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Figure 2.4.2. Measured intersubband absorption spectrum. The inset indicates the conduction band 
diagram for one period of our MQW layer. 
 
 
 
 
2.4.2 Nonlinear Optical Characterization  
Nonlinear optical measurements of the metasurface were measured via the nonlinear optical 
measurement setup shown in Figure. 2.4.3. Nonlinear metasurface samples were exposed by a quantum 
cascade laser (QCL, Daylight Solutions, Inc., Mircat system, tuning range: 909-1230 cm-1, peak power 
output: 400 mW, repetition rate: 100 kHz, duty cycle: 10%) and a pulsed CO2 laser (Coherent Inc., 
emission wavelength: 10.6 μm, peak power: 20 W, repetition rate: 20 MHz, duty cycle: 5%). A 
calibrated InSb photodetector (Electro Optical System Inc.), a long-pass (LP) filter used as a beam 
splitter, a SP filter used to block fundamental frequency (FF), input QWP (design wavelength: 9 μm), 
two different output QWPs (design wavelengths: 5 μm (for SHG) or 3 μm (for THG)), a collimating 
lens with a numerical aperture 0.85 (focal length: 1.87 mm) and ZnSe lens with a focal length : 3 inch 
were used to build the optical setup shown in Figure 2.4.3. The diameter of the input laser source that 
focused on the sample surface, was measured to be 2w = 12 μm by the knife-edge measurement. 
23 
 
Assuming Gaussian beam profiles, the intensity distributions of the input and output beams on the 
sample surface were expected as 𝐼𝐹𝐹𝑒
−2𝑟2/𝑤2 for the FF input pump,  𝐼𝑆𝐻𝑒
−4𝑟2/𝑤2 for the SHG 
output, and 𝐼𝑇𝐻𝑒
−6𝑟2/𝑤2 for the THG output. 
 
  
 
 
Figure 2.4.3. Schematic of measurement setup for nonlinear optical characterization. Light source from 
a tunable QCL and CO2 laser passes through the quarter-wave plate (QWP) for circular polarization, a 
long pass filter (LP) to remove harmonic generation light coming from the laser and focused onto 
sample via numerical aperture 0.85 collimating lens. Nonlinear signal is collected by the collimating 
lens and is reflected by the LP towards the detector through a ZnSe lens, a short pass filter (SP) that is 
used as filter for blocking fundamental frequency, QWP and a polarizer. And then nonlinear signal is 
detected by the InSb detector. 
 
 
Figure 2.4.4 a and b respectively show the experimental results of the SHG and THG signal peak 
power and intensity from the C3 and C4 metasurface as a function of the squared and cubed FF peak 
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power and peak intensity at a fixed emission wavelength of 10.5 μm of the QCL (Condition of the QCL : 
repetition rate: 100 kHz, duty cycle: 10%, current: 1300mA ). In this nonlinear measurement, the RCP 
input pump beam was generated by QWP and the RCP SHG and RCP THG output signals were 
collected by using QWP and polarizer. To collect only RCP harmonic signal, the harmonic output signal 
is converted to a linearly polarized beam after the output QWP and its spin state (RCP or LCP) is 
analyzed by the linear polarizer. As shown in Figure 2.4.4, The SHG and THG peak powers of 0.35 μW 
and 0.17 μW were measured at the input peak intensity of only 80 kW cm-2 and at the input peak power 
of 45 mW. Input peak intensity and power were measured by power and energy meter (PM100D, 
Thorlabs) in front of the collimating lens.  
 
 
 
 
Figure 2.4.4. Nonlinear characterizations of SHG and THG metasurfaces. a,b) Nonlinear measurement 
results of SHG (black dot) and THG (red dot) peak power or intensity as a function of the FF input 
pump peak power squared and cubed or peak intensity squared and cubed for SHG and THG, 
respectively.  
 
 
Figure 2.4.5 plots the experimental results of SHG (red dot) and THG (black dot) power conversion 
efficiencies at the wavelength of 10.5 μm. The power conversion efficiencies were calculated as 
 
𝐼𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 /𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟(𝑚𝑊) 
(2.4.4) 
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Output power =  
(𝐿𝑜𝑐𝑘 𝑖𝑛 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 [𝑚𝑉] × (10−4𝐼𝑛𝑆𝑏 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦 [
𝑊
𝑉 ])
(𝐼𝑛𝑆𝑏 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒) × (𝑍𝑛𝑆𝑒 𝑙𝑒𝑛𝑠 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒)
 
×
1
(𝑆𝑃 𝑓𝑖𝑙𝑡𝑒𝑟 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒) × (𝑄𝑊𝑃 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒)
 
(2.4.5) 
 
where InSb response is 0.89, 0.63, ZnSe lens transmittance is 0.80, 0.79, SP filter transmittance is 0.8, 
0.8, QWP transmittance is 0.93, 0.91 and InSb responsivity is 1/1.76, 1/1.76 for SHG (5.25 m) and 
THG (3.5 m), respectively. 
I achieved 7.6 × 10-4 % and 3.6 × 10-4 % of power conversion efficiency for SHG and THG respectively, 
on the input pump power of 45 mW or pump intensity of 80 kW/cm. These values are three orders 
greater than the previously reported spin-controlled SHG metasurfaces.45 The SHG power conversion 
efficiency in this result is comparable to the previously reported MQW loaded nonlinear metasurface 
results, and the THG power conversion efficiency is a record-high value for the same input pump 
intensity level.10, 44, 46-47  
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Figure 2.4.5. Nonlinear power conversion efficiencies of the SHG (black dot) and the THG (red dot) as 
functions of the FF peak power or intensity. 
 
 
To confirm whether the spin state controlled nonlinear beam was generated by our metasurfaces, I 
analyzed the harmonic signals generated from the C3 and C4 metasurfaces based on the rotation of the 
output linear polarizer, and the results are presented in Figure 2.4.6 a and 2.4.6 b. In this measurement, 
the CO2 laser (Coherent Inc., emission wavelength: 10.6 μm, peak power: 6~10 W, average power: 
300~500Mw, repetition rate: 20 MHz, duty cycle: 5%) was used as an input pump to increase the signal 
contrast and ZnSe lens (focal length: 1/2 inch) was used for focusing input beam. In this measurement, 
the linearly polarized input beam from the CO2 laser is converted to RCP through the QWP that located 
in front of the CO2 laser, and the RCP input beam is focused onto metasurface via ZnSe lens and a 
harmonic signal is generated on the metasurface. The harmonic signal that generated from the 
metasurface is reflected by long pass filter and converted to a linear polarized beam through the QWP 
(Active wavelength: 5 μm for SHG case, 3 μm for THG case). In our case, angle of the polarizer indicate 
the spin state of the harmonic signal, that 0° and 180° indicate LCP and 90° indicates RCP (The 
direction of polarization can be changed by setting of the QWP). As shown in Figure 2.4.6, the measured 
harmonic signals were maximized at 90° and almost zero at 0° and 180° in both cases (SHG and THG). 
As the measured results, I can confirm the spin-state of the SHG and THG signals produced from the 
nonlinear metasurface, was accurately controlled by the spin-state of the input pump beam. As the 
results, the nonlinear metasurface that control the spin-states of SHG and THG simultaneously on the 
one-chip system based on the 2nd and 3rd order giant nonlinear responses of the MQW was well 
demonstrated.   
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Figure 2.4.6. SHG (a) and THG (b) signals measured by varying the output polarizer angle at the RCP 
input pump beam. Polarizer angle of 0° and 180° represent a LCP harmonic signal and 90° represents a 
RCP harmonic signal for the RCP input pump beam. 
 
 
2.4.3 Nonlinear Beam-steering Experiment 
To provide the full potential of our nonlinear metasurface utilizing the continuously tunable local 
nonlinear phase, I demonstrated gradient metasurfaces for a nonlinear SHG and THG beam-steering. 
Based on the same C3 and C4 meta-atom structures that shown in Figure 2.4.7 a and b, I used C3 and 
C4 meta-atom structure with slightly different unit cell periods for changing rotation angle. The meta 
atom has the spatial variation of the orientation angle ( , )x y and the changes of the local phase of the 
nonlinear susceptibility are expressed as 𝜒𝑅𝑅𝑅
(2)𝑒𝑓𝑓
(𝑥, 𝑦) = 𝜒𝑅𝑅𝑅
(2)𝑒𝑓𝑓
𝑒𝑖3𝜑(𝑥,𝑦)  and 𝜒𝑅𝑅𝑅𝑅
(3)𝑒𝑓𝑓
(𝑥, 𝑦) =
𝜒𝑅𝑅𝑅𝑅
(3)𝑒𝑓𝑓
𝑒𝑖4𝜑(𝑥,𝑦) for SHG and THG, respectively. 
Figure 2.4.8 shows SEM images of the fabricated phase gradient arrays for SHG and THG beam-
steering. The metasurfaces were fabricated with various rotational angles,   , between adjacent 
meta-atoms and the   values equal to 20° and 30° for SHG (C3 structure, Figure 2.4.8 a and b), 
and 15° and 30° for THG (C4 structure, Figure 2.4.8 c and d).    
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Figure 2.4.7. Schematic unit meta-atom structure for nonlinear beam-steering with C3 and C4 rotational 
symmetries for SHG (a) and THG (b), respectively. The spatial variation of the nano-structures 
orientation is indicated in the form of the angle 𝜑 
 
 
 
Figure 2.4.8. SEM images of the fabricated phase-gradient nonlinear metasurfaces with C3 and C4 
structure. (a), (b) shows C3 structure for SHG with   equal to 20° and 30°, respectively. (c), (d) 
shows C4 structure for THG with   equal to 15° and 30°, respectively.      
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For the nonlinear beam-steering measurement, I used an optical set-up as shown in Figure 2.4.9 and 
the CO2 laser (Coherent Inc., emission wavelength: 10.6 μm, peak power: 6~10 W, average power: 
300~500Mw, repetition rate: 20 MHz, duty cycle: 5%) was used as an input pump and ZnSe lens 
(numerical aperture of 0.67, focal length: 1/2 inch, effective focal length: 10.2 mm) was used for 
focusing input beam. In this measurement, the linearly polarized input beam from the CO2 laser is 
converted to RCP through the QWP that located in front of the CO2 laser, and the RCP input beam is 
focused onto metasurface via ZnSe lens and a harmonic signal is generated. Unlike the nonlinear optical 
characterization set-up shown in Figure 2.4.3, in this measurement, the ZnSe lens that used as focusing 
harmonic signals onto detector, was removed. The harmonic signals that generated on the metasurface 
were collected by the same ZnSe lens and reached to the InSb detector directly through the SP, the QWP, 
and the polarizer. The RCP and LCP harmonic signals were selectively measured based on the 
adjustment of the polarizer as I mentioned before. As shown in Figure 2.4.9, the beam-steering angles 
of the harmonic signals were measured based on the measurement of the lateral shifts of the detector 
(ddetector). The lateral shift of the detector can be expressed as 
ddetector = 𝑓 𝑡𝑎𝑛 𝜃 
(2.4.6) 
where f indicates the work distance of the lens (10.2 mm), and θ indicates the angle of the harmonic 
signal with respect to the normal beam path indicated in Figure 2.4.9. The beam-steering angle was 
measured by scanning with the InSb detector at 0.1 mm steps (ddetector = 0.1 mm) in both positive and 
negative lateral directions, and the lateral shift distance was converted to an angle using equation 2.4.6.    
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Figure 2.4.9. Optical measurement set-up for nonlinear beam-steering from phase-gradient nonlinear 
metasurface. 
 
 
Figure 2.4.10 a and b show the measured far-field profiles of the SHG and THG output respectively, 
as a function of the beam-steering angle, which ranged from -35° to +35° and the range of the beam-
steering angle was limited by radius of the ZnSe lens ( beam steering angle limitation =
tan−1(𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒
𝑙𝑒𝑛𝑠
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
𝑓𝑜𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ)). According to the basic reflect-array theory, in the case 
of the RCP input pump, the beam-steering angle with RCP component can be expressed as  
𝜃𝑆𝐻 = 𝑎𝑟𝑐𝑠𝑖𝑛[(3𝛥𝜑/360°)𝜆𝑆𝐻/𝑑] 
(2.4.7) 
 
𝜃𝑇𝐻 = 𝑎𝑟𝑐𝑠𝑖𝑛[(4𝛥𝜑/360°)𝜆𝑇𝐻/𝑑] 
(2.4.8) 
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for SHG and THG respectively, where d is the length of the periodic, as indicated in Figure 2.4.7 a and 
b. Following these equations, the beam-steering angle can be calculated to be equal to 18° and 28° in 
the case of the RCP SHG signal for   values equal to 20° and 30°, respectively, and 12° and 23° 
for the RCP THG signal for   values equal to 15° and 30°, respectively. In this measurement, the 
RCP input pump was used. The beam-steering angles of the RCP output signals with both SHG and the 
THG respectively generated from the C3 and C4 meta-atom-based gradient metasurfaces, matched very 
well with the theoretically calculated beam-steering angles indicated above. The harmonic LCP output 
signals were almost equal to zero and some peaks are generated due to the active wavelength of QWP 
(Input wavelength: 10.6 μm, SHG: 5.3 μm, THG: 3.5 μm and active wavelength of QWP: 9 μm, 5 μm, 
3 μm) and fabrication error. 
 
 
 
 
Figure 2.4.10. Far-field profiles of the beam-steering from the SHG (a) and THG (b) output from the 
phase-gradient nonlinear metasurfaces with   equal to 20° and 30° for SHG, and 15° and 30° for 
THG in the case of the RCP input pump. The black line represents a LCP output and the red line 
represents a RCP output for each harmonic signal. 
 
 
 
2.5 Conclusion 
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 I experimentally demonstrated one chip system with spin-controlled SHG and THG and nonlinear 
beam-steering as shown in Figure 2.5.1. The proposed approach will provide an efficient design 
platform for future applications based on nonlinear metasurfaces, such as nonlinear metasurface 
holography, nonlinear spectroscopy, nonlinear optical switching and modulation, and nonlinear 
information processing. 
 
 
 
Figure 2.5.1. Schematic image of the concept of one chip system with spin-controlled SHG and THG 
and nonlinear beam-steering. Red, green, and blue beams indicate a input pump beam at the 
fundamental frequency (FF), a SHG beam, and a THG beam, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
III. Outlook (Chiral nonlinear metasurface) 
 
For our outlook study, I studied and demonstrated giant circular dichroism and spin-controlled 
harmonic generation for both SHG and THG using C3-chiral and C4-chiral structure, respectively. 
Figure 3.1.1 shows schematic of the concept of one chip system with spin-controlled and giant circular 
dichroism for SHG, THG and nonlinear beam-steering and unit cell designs. In this concept, for LCP 
input pump, only LCP-SHG signal is generated on the sample and for RCP input pump, only RCP-THG 
signal is generated on the sample. 
  
 
 
Figure 3.1.1. (a) Schematic of the concept of one chip system with spin-controlled and giant circular 
dichroism for both SHG and THG and nonlinear beam-steering. The red, green, and blue beams indicate 
an input pump beam at the fundamental frequency (FF), a SHG beam, and a THG beam, respectively. 
(b, c) Schematics of unit meta-atom structure with C3-chiral designed for SHG and unit meta-atom 
structure with C4-chiral designed for THG 
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Figure 3.1.2 shows the Ez field distributions on the plasmonic resonator. The Ez field distributions were 
monitored in the MQW layer (below 100nm in Au layer) and LCP input pump and RCP input pump 
were used as input source (wavelength: 10.5 m). In RCP input pump case, as shown in Figure 3.1.2, 
the FF Ez field and HF Ez field are well overlapping each other (Simulated overlap factor: 1.33352, 
simulated by FDTD simulation). However, in LCP input case, the HF Ez fields indicated black circles 
in Figure 3.1.3 are weaker than RCP input case. Therefore, the FF Ez field and HF Ez field do not overlap 
well (Simulated overlap factor: 0.056357, simulated by FDTD simulation). As I mentioned in Chapter 
2.2.1, the relation expression between SH, TH peak power and overlap factor can be expressed as 
SH, TH peak power ∝ (overlap factor)2 
(3.1.1) 
Therefore, in this case, harmonic peak power with RCP input is 400 magnitude higher than harmonic 
peak power with LCP input.   
 
 
 
Figure 3.1.2. The normalized Ez field distribution on the plasmonic. The Ez field monitor is in MQW 
layer. Top-view cross-section at the 10.5 m (FF) and 5.25 m (SH) for the C3 meta-atom. In RCP case, 
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the red circles indicate strong HF Ez field that can be overlapped with FF Ez field In LCP case, the black 
circles indicate disappearance of the HF Ez field. 
 
 
Figure 3.1.3 shows simulation and measurement results of the SHG circular dichroism (CD) and THG-
CD from the C3-chiral and C4-chiral plasmonic nanostructure. As shown in Figure 3.1.3, measured 
SHG-CD is matched well with simulation result, however measured THG-CD is not matched well with 
simulation result. I will make an effort to optimize the C4-chiral plasmonic nanostructure and fabricate 
the nonlinear beam-steering using nonlinear gradient metasurface with C3-chiral and C4-chiral 
plasmonic nanostructure.   
 
 
 
Figure 3.1.3. Simulation and measurement results of the SHG circular dichroism (CD) (a) and THG-
CD (b) from the C3- chiral and C4- chiral plasmonic nanostructure. The black lines indicate simulation 
result and the red lines indicate measurement result. 
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IV. Conclusion 
 
4.1 Summary  
 
In this dissertation, I discussed spin-state controlled nonlinear metasurface and giant circular 
dichroism nonlinear metasurface with giant nonlinear response. As shown in Chapter 2, I successfully 
demonstrated the implementation of a novel class of a nonlinear metasurface platform based on the 
combination of the quantum-engineered MQW structure. Using plasmonic nanoantennas with C3 or C4 
rotational symmetry structure I experimentally demonstrated nonlinear metasurface that designed to 
produce giant 2nd and 3rd order nonlinear responses simultaneously and to control the spin-state of 
nonlinear response. The SHG and THG far-field are produced efficiently on the same chip selectively 
or simultaneously, depending on the shape of the plasmonic nanoantenna. In Chapter 3, I discussed a 
novel implementation of chiral plasmonic metasurface with giant nonlinear circular dichroism for both 
SHG and THG on one-chip system. I experimentally demonstrated the giant nonlinear circular 
dichroism for both SHG and THG on one-chip at wide wavelength region.  
For future works, I develop the chiral plasmonic metasurface and design the electrical tuning 
metasurface for changing the peak position of the nonlinear signal. 
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